In a pioneering paper on the role of gravity on false vacuum decay, Coleman and De Luccia showed that a strong gravitational field can stabilize the false vacuum, suppressing the formation of true vacuum bubbles. This result is obtained for the case when the energy density difference between the two vacua is small, the so called thin wall regime, but is considered of more general validity. Here we show that when this condition does not hold, however, a strong gravitational field (Planckian physics) does not necessarily induce a total suppression of true vacuum bubble nucleation. Contrary to common expectations then, gravitational physics at the Planck scale does not stabilize the false vacuum. These results are of crucial importance for the stability analysis of the electroweak vacuum and for searches of new physics beyond the Standard Model. The second run, reporting local excess of signal in the diphoton channel, has generated a certain expectation and enthusiasm in the community [2] . Whether or not this signal will be confirmed by future work, clues are also needed from the theoretical side. In this respect, crucial for our understanding and construction of BSM theories is the stability analysis of the electroweak (EW) vacuum [3] [4] [5] [6] [7] [8] [9] . The discovery of the Higgs boson boosted new interest on this question, making it one of the hottest topic in theoretical particle physics [10] [11] [12] [13] [14] [15] [16] [17] . At first, it seemed that the knowledge of the Higgs and top masses, M H and M t , was sufficient to determine the stability condition of the SM vacuum, that is to determine whether it is a metastable state (false vacuum) or a stable one (true vacuum). It was later realized, however, that this knowledge is not enough, as the stability condition of the vacuum is very sensitive to unknown new physics interactions at high (or very high, say Planckian) energy scales [14] [15] [16] [17] .
Introduction -The search for new physics beyond the Standard Model (BSM) is one of the most important and challenging questions of present experimental and theoretical physics. The first run of LHC did not show any sign of new physics [1] . The second run, reporting local excess of signal in the diphoton channel, has generated a certain expectation and enthusiasm in the community [2] . Whether or not this signal will be confirmed by future work, clues are also needed from the theoretical side. In this respect, crucial for our understanding and construction of BSM theories is the stability analysis of the electroweak (EW) vacuum [3] [4] [5] [6] [7] [8] [9] . The discovery of the Higgs boson boosted new interest on this question, making it one of the hottest topic in theoretical particle physics [10] [11] [12] [13] [14] [15] [16] [17] . At first, it seemed that the knowledge of the Higgs and top masses, M H and M t , was sufficient to determine the stability condition of the SM vacuum, that is to determine whether it is a metastable state (false vacuum) or a stable one (true vacuum). It was later realized, however, that this knowledge is not enough, as the stability condition of the vacuum is very sensitive to unknown new physics interactions at high (or very high, say Planckian) energy scales [14] [15] [16] [17] .
Following a pioneering work of Bender and collaborators [18] , Coleman and Callan studied the decay of the false vacuum in a flat space-time background [19] . Later, Coleman and De Luccia extended this analysis to include the impact of gravity [20] . The physical mechanism that triggers the false vacuum decay is quite simple: due to quantum fluctuations, there is a finite probability that a bubble of true vacuum materializes in the sea of false vacuum.
Coleman and collaborators worked within the so called "thin wall" approximation, that applies when the two minima of the potential, φ f alse and φ true , are such that the energy density difference V (φ f alse ) − V (φ true ) is much smaller than the height of the potential barrier V (φ top ) − V (φ f alse ), where V (φ top ) is the maximum of the potential between the two minima at φ f alse and φ true . They found that the probability of materialization of a true vacuum bubble decreases for increasing values of its size. In a flat space-time background, this probability turns out to be always finite, no matter how large the bubble size. In a curved background, things are different. In the following we concentrate on the case of a false vacuum with vanishing energy density, Minkowski vacuum, and a true vacuum with negative energy density, anti-de Sitter (AdS) vacuum, as this case is very relevant for applications, in particular for the stability analysis of the EW vacuum.
The transition from a false Minkowski vacuum to a true AdS vacuum was studied in [20] , where it was shown that, when the size of the Schwarzschild radius of the bubble of true vacuum is much smaller than its size, i.e. when the gravitational effects are weak, the probability of materialization of such a bubble is close to the flat space-time result, while, when the Schwarzschild radius becomes comparable with the bubble size, i.e. in a strong gravitational regime, the presence of gravity stabilizes the false vacuum, preventing the materialization of a true vacuum bubble. This result was obtained under the thin wall condition mentioned above, namely for the case when
However, it is commonly considered as being of more general validity.
Going back to the SM, it is known that due to the top loop corrections the Higgs potential V (φ ) bends down for values of φ > φ (1) min = v, where v ∼ 246 GeV is the location of the EW minimum, and for the present experimental values of M H and M t , namely M H ∼ 125.09 GeV and M t ∼ 173.34 GeV [21, 22] , develops a second minimum, much deeper than the EW one and at a much larger value of the field, φ (2) min >> v. Clearly, the conditions under which the Coleman-De Luccia result is derived are not fulfilled. As said above, however, it is still expected that in the presence of Planckian physics the bubble nucleation rate vanishes [23] [24] [25] . In more technical words, it is expected that the bounce solution to the euclidean equation of motion (from which the saddle point approximation for the bubble nucleation rate is obtained) disappears.
Motivated by the above phenomenological considerations, in this Letter we focus our attention on the case that is relevant for the applications to the analysis of the SM vacuum decay, namely the decay of a false vacuum with zero energy density to a true vacuum with negative energy density, i.e. the decay from a Minkowski false vacuum state to an AdS true vacuum. To study the impact of gravity on the nucleation rate of a bubble of true vacuum, we consider a potential [26] that allows to explore in a unified framework all possible cases, from the thin wall regime to the case when the difference in height between the two minima of the potential is large. For this latter case, we find that the nucleation rate of a true vacuum bubble has a value close to the result obtained in flat space-time even in a strong gravity regime, when the typical mass scales of the potential (see Eq. (2) below) become comparable with (or even larger than) the Planck scale.
In fact, we will see that in this case no vanishing of the bubble materialization rate is observed at these high energy scales. On the contrary, we find that the suppression of the Minkowski false vacuum decay (if still present) is pushed to very high energy regimes, even much higher than the Planck scale, so that the possible presence of a Coleman-De Luccia pole becomes physically irrelevant (similarly to what happens for the Landau pole in QED, where the latter occurs at such a high energy scale that the theory has already lost its significance several orders of magnitudes below that scale). At energies below the pole scale, but yet Planckian or transPlanckian, the decay probability is non-vanishing and very close to the flat space-time result, i.e. the result obtained ignoring the presence of gravity.
These findings are new and totally unexpected, as it was thought that in a strong gravity regime the decay of a false Minkoski vacuum to a true AdS vacuum is always inhibited. Moreover, they are of crucial importance for current studies and for model building of BSM physics, where we are often interested in considering new physics at Planckian and/or transPlanckian scales.
Analysis -To study the impact of gravity on false vacuum decay, let us consider the (Euclidean) action of a scalar field in curved space-time together with the Einstein term:
where R is the Ricci scalar, G the Newton constant, and V (φ ) the potential [26] :
When 0 < b < 1, V (φ ) has two non-degenerate minima at φ = ±a, φ = a being the absolute minimum, and a potential barrier that separates the two minima, with maximum at φ = −b a. Note that for b = 0 this is just the double well potential with two degenerate minima at φ = ±a, while for b = 1 the minimum at φ = −a becomes an inflection point and the barrier disappears. This potential is perfectly suited for our scopes. By varying the dimensionless parameter b, we control the difference in height, V (−a) − V (a), between the false and the true vacuum. The comparison between this difference and the height of the potential barrier, V (−b a) −V (−a), allows to determine whether or not we are in the thin wall regime, the latter occuring when V (−a) − V (a) << V (−b a) − V (−a). At the same time, by varying the dimensionful parameter a (the only mass scale of our potential), and pushing it toward the Planck scale and beyond, we will be able to test the impact of strong gravitational physics on the decay of the false vacuum.
Anticipating from the following analysis, we will see that in the b → 1 limit (that is the limit of the largest possible difference V (−a) − V (a) for the potential (2)), the decay probability from the Minkowski false vacuum to the true vacuum gives exactly the flat space-time result (as if gravity was absent!), for any value of a, i.e. from very weak to very strong gravitational regimes. For values of b close to (but smaller than) 1, the suppression of the vacuum decay should occur for very large transplanckian values of a.
To calculate the bubble nucleation rate Γ we need the bounce solution to the (Euclidean) equations of motion derived by varying the action in Eq. (1). The saddle point approximation to the transition rate Γ per unit volume is given by the ratio between the exponential of minus the (Euclidean) action evaluated at the bounce and the action calculated for the false vacuum solution [20] : Following [20] , we consider the most general O(4)-symmetric Euclidean metric (r is the radial coordinate along a radial curve):
where dΩ 3 is the element of distance on a unit three-sphere and ρ(r) the radius of curvature of each three-sphere.
With the metric (4), the Einstein equation G rr = −κ T rr reduces to the following equation for ρ(r) (the denotes derivation with respect to r):
where κ ≡ 8π G ≡ 8π/M 2 P , and M P is the Planck scale. Eq. (5) is coupled to the scalar field equation derived from (1),
The false vacuum solution to these coupled equations consists of the flat space-time metric, ρ f alse (r) = 1, together with the constant solution for the profile, φ f alse (r) = −a. In order to compute Γ, we have to select the classical solutions of Eqs. (5) and (6) that fulfill the boundary conditions φ (+∞) = −a, φ (0) = 0 and ρ(0) = 0. In our case, the action in Eq. (1) can be written as:
where the right hand side is obtained by making use of Eqs. (5) and (6), and the boundary terms B.T. appear after integrating by parts ρ 2 ρ in the second line of Eq. (7). The B.T. are infinite. However, the computation of Γ only involves the difference B between the action evaluated at the bounce and at the false vacuum solutions (see Eq. (3)). These two solutions coincide at infinity, and the two actions provide the same divergent contribution, that is then canceled out in the difference B = S bounce − S f alse .
It is worth noting that, due to the particular dependence on the coupling g of the potential V (φ ) in (2), it is possible to re-express Eqs. (5) and (6) in terms of the rescaled quantitieŝ r = g r,ρ = g ρ andV = V /g 2 , so that no explicit dependence on g is left. Accordingly, the dependence on g of the action can be factored out: S =Ŝ/g 2 and B =B/g 2 .
To calculate the transition rate Γ for different potentials of the kind given in Eq. (2), i.e. for different values of the parameters a and b, we need first to solve the system of coupled differential equations (5) and (6) with the boundary conditions given above.
We do that with the help of a numerical shooting procedure. The typical bounces are decreasing profiles φ b (r), such that φ b (r → ∞) → −a, and can be parametrized by their size r, the value of the radial coordinate where the height of the profile is decreased of one half. For large values of r, i.e. for r >> r, the solution for the radius of curvature ρ(r) approaches the flat space-time solution, ρ (r) = 1, while for r << r, i.e. inside the bubble of true vacuum, the presence of a negative energy density creates a distortion of this solution.
By defining ρ as the value of the curvature at r = r, that is ρ ≡ ρ(r), a simple way of displaying our findings is to compare the results obtained for B and ρ with the corresponding quantities derived in the flat space-time case, that will be indicated as B 0 and r 0 respectively (needless to say, in this latter case ρ(r) coincides with r).
In the thin wall regime, that for our potential is the case of small values of the parameter b, it was shown in [20] Our numerical approach allows to check the accuracy of the thin wall predictions, and before moving to the cases of partic-ular interest to us, we calculate ρ/r 0 and B/B 0 for some small values of b (thin wall regime). To facilitate the comparison with [20] , we present our results by plotting ρ/r 0 and B/B 0 against r 0 /(2Λ), that is an increasing function of a for each fixed value of b. The parameter a gives the location of the minima, and increasing values of a toward the Planck scale (and beyond) mark the transition from the weak to the strong gravitational regime. The results are plotted in Figs. 1 and 2 . Note that the rescaling to the hatted quantities discussed above shows that all variables on the x and y axes of the figures do not depend on the coupling g.
For the smallest value considered for b, b = 0.001, the points practically sit on the thin wall curve (blue online solid curve), and are not reported in Figs. 1 and 2 . At b = 0.01 (red online circles) we start to observe a small deviation from the thin wall curve, that becomes more sizable for b = 0.13 (green online squares). Figs. 1 and 2 show that for small values of b, when the two minima of the potential are almost degenerate (thin wall regime), starting from r 0 /(2Λ) ∼ 0.5 the effect of gravity grows rapidly for increasing values of r 0 /(2Λ).
We 
in the whole range of r. In this limit, Eq. (5) becomes ρ (r) = 0, and we recover the flat space-time result. These are the central results of the present Letter. In fact, the lesson from [20] (see Figs. 1 and 2 ) is that when we move from weak to strong gravity regime, the impact of gravity becomes enormous, to the point that, for the critical value r 0 /(2Λ) = 1, B diverges and the corresponding rate Γ for the materialization of a bubble of true vacuum vanishes. As stressed above, this is expected to hold even out of the thin wall regime, and models of BSM physics and conclusions on the vacuum stability analysis are often based on this expectation [23] [24] [25] .
However, we have seen that, when the energy density difference between the two vacua of the potential increases (so that the conditions of [20] are no longer verified), the gravitational contribution to the transition rate Γ becomes smaller and smaller. Moreover, when this difference becomes sufficiently large, that for our model occurs for b → 1, the quencing of the vacuum decay does not occur even in very strong gravity regimes! As mentioned before, these results are very surprising and unexpected, and also very important for phenomenological applications. In fact, extrapolating from [20] , it was thought that whenever we enter in a strong gravity regime, i.e. when we approach (and possibly go beyond) the Planck scale, there should always be a strong suppression and even a vanishing of the false vacuum decay probability, resulting in a stabilization of the false vacuum. On the contrary, we see that for potentials where the difference in the depth of the minima is sufficiently large, this suppression (if still present) is pushed to very high regimes, even (much) above the Planck scale, so that the presence of a pole of B/B 0 becomes physically irrelevant 1 .
Moreover, the fact that in these conditions the transition rate from the false to the true vacuum is so close to the flat spacetime result is of crucial importance for phenomenological applications. In fact, the case that we have studied is relevant for the stability analysis of the electroweak vacuum, also in connection with present searches for BSM physics, where a stability analysis and a clear understanding of the role played by gravity is greatly needed. For the reader's convenience, in Table I some values of g r 0 a and g 2 B 0 for different values of b are reported. These are useful parameters to reconstruct physical quantities relevat to the analysis that we have presented and to better appreciate the results reported in the figures (see below). These quantities are obtained in the flat space-time case, and are both g-independent (as can be seen by resorting to the hatted vari-ables introduced before) and a-independent (they are dimensionless quantities, and in the absence of gravity that brings in the dimensionful Newton constant G, they cannot depend on the only dimensionful variable a). Therefore, they are univocally determined once b is given.
In particular, the values of g r 0 a in Table I are useful to establish the relation between r 0 /(2Λ), that appears in the xaxis of all figures, and the ratio a/M P (where M P is the Planck mass) for each value of b, that is for each single curve in the figures. In fact, by recalling the definition of Λ, one obtains the following relation r 0 /(2Λ) = (2/3) √ 2πb (g r 0 a)(a/M P ). Then, for instance, the point r 0 /(2Λ) = 1 corresponds for b = 0.001 to a ∼ M P /100, and for b = 0.85 to a ∼ M P /4 (i.e. we are already in a srong gravity regime).
If we now look at the curves in Fig. 4 , these examples clearly illustrate the central results of our work. In fact, we see that for increasing values of b, at fixed values of r 0 /(2Λ) (e.g. r 0 /(2Λ) = 1), the suppression of the gravitational effects is larger when the strong gravity Planckian regime (a → M P ) is approached. Proceeding to consider higher values of b (not displayed in the figure) , the action B, and then the decay rate of the false vacuum, stays closer and closer to the flat spacetime result for larger and larger values of a (see the discussion above in relation with Eq. (8)), even for a >> M P ! Finally, with the help of g r 0 a and g 2 B 0 in Table I , one can derive the values of ρ and B from the various curves in the figures.
Before ending this Letter, we have to say some words on previous work [28] on the role of gravity on the EW vacuum decay, where a perturbative expansion of φ b (r) and ρ(r) in powers of κ around the flat space-time solution was attempted. Actually, this analytical method seems to have a serious drawback, as the boundary conditions (see above), essential for the classical solution to be a bounce and in turn for Γ in Eq. (3) to be the bubble nucleation rate, are not respected already at first order in κ. Therefore, the output of this analysis cannot be trusted and a fortiori cannot be used for comparison. A detailed study of this issue goes beyond the scope of the present paper and will be presented elsewhere.
Conclusions -We have studied the decay of a false Minkowski vacuum to a true AdS vacuum by taking into account the impact of gravity.
When the energy density difference between the false and the true vacuum is large compared to the height of the potential barrier (a condition that in the model discussed in the present Letter is obtained for b → 1 in the potential of Eq. (2)), we find that the effect of gravity on the bubble production rate practically disappears even in the strong gravity regime, and the flat space-time result is recovered.
From a phenomenological point of view, the case that we have studied is of particular interest, as it is close to what happens in the stability analysis of the electroweak vacuum, and several models considered for physics beyond the Standard Model require a stability analysis where the role played by gravity needs to be carefully understood.
Therefore, the new results presented in this work are of the greatest importance for present studies on the SM stability problem and for searches of new physics beyond the Standard Model. They represent a real progress in understanding the impact of gravity on the stability of the vacuum. In the past, despite attempts to study this question [28] , the role of gravity beyond the thin wall case was poorly understood.
